INTRODUCTION
============

The concept of chirality, the property of an object to be distinguishable from its mirror image, can be found in nature in various regimes: Our hands, for example, snail shells, and even small molecules can occur in a distinct handedness. Whereas molecular enantiomers, i.e., the molecule and its mirror image, have the same binding energies when neglecting a minuscule contribution of the parity-violating weak force ([@R1]--[@R3]), their handedness profoundly affects, in some cases, their interaction with other chiral objects. This property is particularly important as such objects can, for example, be receptors in living cells. For this reason, in chemistry and pharmaceutics, methods for enantioselective synthesis or at least enantioselective purification are crucial. Circularly polarized light could serve as an enantioselective agent and potentially replace expensive or environmentally harmful catalysts ([@R4], [@R5]). Since the first report on enantioselective photolysis in 1929 ([@R6]), theoretical proposals have been made to use coherent control schemes to this end ([@R7]--[@R9]). Until no approach developed so far has achieved high efficiency. Moreover, for the existing techniques, a microscopic understanding is lacking, for example, regarding the influence of structural dynamics ([@R10], [@R11]).

A possible way to investigate in detail the influence of light on molecular chirality is to start from an initially achiral species and search for a chiral signal and enantiomeric excess after irradiation. We pursue this route using formic acid (HCOOH), a molecule in which the carbon atom is sp^2^ hybridized and its three bonding partners are in a planar arrangement in the electronic ground state ([Fig. 1](#F1){ref-type="fig"}, see center of the sphere). It is known that the n→π\* excitation, with a vertical transition energy of about 5.9 eV, leads to pyramidalization, creating a chiral equilibrium configuration ([@R12]--[@R14]). In a simplified picture, an electron from the nonbonding orbital at the carbonyl oxygen atom is transferred upon excitation to the antibonding π\* orbital of the carbonyl group ([@R13]). In the equilibrium structure of this electronically excited state, the carbonyl oxygen (referred to as O~1~ hereafter) is moved out of plane relative to the nearly coplanar other four atoms. If we use the three heavy atoms as reference instead, which will be favorable for the following discussion, the hydrogen at the carbonyl group (H~1~) is bent on average by 32° out of the plane ([@R14]), which is spanned by the carbonyl oxygen (O~1~), the hydroxyl oxygen (O~2~), and the C atom. This displacement of H~1~ is accompanied by a torsional motion of the acidic hydrogen H~2~ in the opposite direction.

![Enantioselective fragmentation of formic acid.\
Center: Achiral formic acid in syn-conformation. The mean value of cos(α) is color-coded in the enveloping sphere for the corresponding propagation direction of the laser in the molecular system. The colored arrows and helices indicate the directions of incidence for LCP. (**A** to **E**) For selected directions, the surrounding panels show the distribution of cos(α) in blue and the photoion circular dichroism (PICD) as the normalized difference between distributions for right- and left-handed circularly polarized light (RCP and LCP) in red.](aau7923-F1){#F1}

Although the π\* exited state is not the only possible step in the electronic excitation and subsequent ionization process, the structure of this state shows close agreement with those presented in [Fig. 2](#F2){ref-type="fig"} (A and C). The observed enantiomer can be selected with high fidelity by the direction from which the light impinges onto the molecule. In our experiment, we achieve enantioselective pyramidalization and imaging within the same strong, circularly polarized femtosecond laser pulse: The pulse (after inducing the structural changes) peels off several electrons of the molecule and breaks it up into five singly charged ions. These five ions are driven apart by Coulomb repulsion, and we image the handedness by measuring the emission directions of the ions in coincidence using COLTRIMS (cold target recoil ion momentum spectroscopy) (see Materials and Methods) ([@R15], [@R16]). From the correlation angles between the fragments, the otherwise indistinguishable two O^+^ and two H^+^ can be assigned with an estimated fidelity of 81% to the O~1~, O~2~ and H~1~, H~2~ atoms in the molecule (see Materials and Methods; for the estimation of the assignment error, please refer to the Supplementary Materials). With this method, the molecular orientation in the laboratory frame can also be deduced from the measurement. During the analysis, the fragments generated in the Coulomb explosion are sorted by their orientation, allowing us to infer the light propagation direction in the molecular frame for each event. Accordingly, there is no need to actively align the molecules in space and a randomly oriented gas-phase sample can be used in our experiment.

![Chiral and achiral structures of formic acid.\
The selected different molecular orientations with respect to the laser propagation direction are indicated in [Fig. 1](#F1){ref-type="fig"}. The ball-and-stick model indicates the direction of the linear momentum vectors, and the transparent lobes represent the measured data; the distance from the C atom and color shows the count rate in the respective direction. The O--C=O plane is highlighted in turquoise. The letters connect the structures with the panels in [Fig. 1](#F1){ref-type="fig"}. (**A**) *R* enantiomer. (**B**) Achiral structure. (**C**) *S* enantiomer.](aau7923-F2){#F2}

The handedness of the fragmenting molecule can be characterized by a normalized triple product cos(α) = ($\overrightarrow{\mathit{k}_{O2}} \times$ $\overrightarrow{\mathit{k}_{O1}}$)•$\overrightarrow{\mathit{k}_{H1}}$/(\|$\overrightarrow{\mathit{k}_{O2}} \times \overrightarrow{\mathit{k}_{O1}}$\|•\|$\left. \overrightarrow{\mathit{k}_{H1}}| \right)$ ([@R17], [@R18]) containing the linear momentum vectors $\overrightarrow{\mathit{k}_{H1}},\overrightarrow{\mathit{k}_{O1}},\overrightarrow{\mathit{k}_{O2}}$ of the three ions bound to the carbon center. It provides the emission angle of the H~1~ ion with respect to the normal of the plane defined by the momenta of the two oxygen atoms. The triple product is zero for a planar breakup, and positive values indicate that the molecule breaks up as the *R* enantiomer and negative values indicate the breakup as the *S* enantiomer (see the Supplementary Materials for a brief discussion of the convention used here). Cos(α) varies from 0 to ±1, where the maximum absolute values correspond to the linear momentum vector of H~1~ being normal to the plane spanned by the linear momenta of O~2~ and O~1~. The sign of cos(α) is positive when the linear momenta of O~2~, O~1~, and H~1~ span in the given sequence a right-handed coordinate frame and negative for a left-handed coordinate frame.

RESULTS AND DISCUSSION
======================

The arrows in [Fig. 1](#F1){ref-type="fig"} connect the distributions of cos(α) (in blue) with the direction from which the light encounters the molecular system. For different directions of the light, large changes in the distribution of cos(α) can be observed (see [Fig. 1](#F1){ref-type="fig"}, A to C). If one chooses a molecular orientation for which the light impinges from the opposite direction (for [Fig. 1A](#F1){ref-type="fig"}, panel D and for [Fig. 1C](#F1){ref-type="fig"}, panel E), in the molecular system, the direction of rotation of the electric field vector is inverted. Thus, the distribution differences seen in [Fig. 1C](#F1){ref-type="fig"} and in [Fig. 1A](#F1){ref-type="fig"} can be correlated with the influence of the helicity of the light. The mean value of cos(α) as a function of the direction from which the circularly polarized laser pulse hits the initially planar molecule is color-coded on the sphere surrounding the molecule. Planar molecules and simple racemic mixtures yield a mean value of zero. Thus, the prominent red and blue areas on this sphere give an indication of the induced enantiomeric excess.

The measured emission angles occurring after the Coulomb explosion suggest that for certain molecular orientations with respect to the polarization plane of the impinging light, the H~1~ and H~2~ atoms are bent out of the molecular plane. To visualize this out-of-plane bending, we show the full breakup structure for three characteristic cases in [Fig. 2](#F2){ref-type="fig"}. These figures confirm that in the pyramidalized structure, the H~1~ and H~2~ atoms (the data for the latter are omitted in these figures) are bent out of the plane, which is in good agreement with the quantum chemically calculated equilibrium structure of the molecule in the n→π\* excited state. Inspecting the four orientations that yield the maximum enantioselectivity of the excitation ([Fig. 1](#F1){ref-type="fig"}), we find that the linear momenta of the protons point in the direction of the laser field. For the polar angle cos(θ) = 0.7, the molecular orientations with the highest enantiomeric excess coincide with the maximum count rate, suggesting an enhanced ionization probability for this chiral structure and molecular orientation. The highest overall count rates are achieved at the poles of the sphere (cos(θ) = −1, 1), i.e., for light impinging perpendicularly onto the initially planar molecule, which is consistent with the naive picture of a tunneling ionization induced by the rotating electric field vector ([@R19], [@R20]).

Last, both the relative orientation of the molecule with respect to the light propagation direction and the helicity of the light might influence the fragmentation. This helicity dependence is commonly characterized by the PICD, which is given as the normalized difference between the count rates ***N*~LCP,RCP~** for coincident detection of five singly charged atomic ions induced by left-handed circularly polarized (LCP) light (from the point of view of the source) and right-handed circularly polarized (RCP) light, respectively (details are in the Supplementary Materials) ([@R21], [@R22])$$\text{PICD}~ = \frac{\mathit{N}_{\text{RCP}} - \mathit{N}_{\text{LCP}}}{\mathit{N}_{\text{LCP}} + \mathit{N}_{\text{RCP}}}$$

The upper hemisphere (the top view onto the molecular plane) is chosen to be the case where, for the LCP light, the electric field vector sweeps the ligands in the sequence O~1~-H-O~2~, e.g., the light propagates toward the molecule from the *Si* face.

With this definition, we can inspect the PICD for any given impact direction of the light, i.e., for each point on the globe in [Fig. 1](#F1){ref-type="fig"}. For one selected enantiomer \[cos(α) \> 0\], [Fig. 3A](#F3){ref-type="fig"} shows this PICD map. From the left (ϕ \> 0) to the right (ϕ \< 0) hemisphere (see [Fig. 1](#F1){ref-type="fig"} for the definition of angle ϕ), the PICD inverts. At most angles, its magnitude is between 0.1 and 0.2.

![Differential PICD of formic acid.\
(**A**) PICD for the *R* enantiomer. (**B**) PICD for the *S* enantiomer. The normalized difference was generated from the histogram for the (A) *R* enantiomer \[with the *S* enantiomer in (B)\] with LCP with the direction of the laser beam in the molecular system and those with RCP. (**C** to **F**) PICD with gating on cos(α). (C) 0 \< **│**cos(α)│ \< 0.25. (D) 0.25 \< **│**cos(α)│ \< 0.5. (E) 0.5 \< **│**cos(α)│ \< 0.75. (F) 0.75 \< **│**cos(α)│ \< 1. (**G**) Mean of the absolute value of the PICD versus cos(α) with $< |\text{PICD}| > = \iint_{- 1, - 180}^{1,180}|\text{PICD}(\text{cos}(\theta),\varphi,\text{cos}(\alpha))|\mathit{d}\text{cos}(\theta)\mathit{d}\varphi$.](aau7923-F3){#F3}

It is instructive to quantify the PICD as a function of cos(α) ([Fig. 3](#F3){ref-type="fig"}, C to F). We find that the pattern of PICD changes and, even more notably, the overall PICD increases in magnitude with increasing cos(α). This is summarized in [Fig. 3G](#F3){ref-type="fig"}, where the mean value of the magnitude of the PICD is associated with how strongly chirality is reflected for this conformer: cos(α) = 0 corresponds to a planar arrangement around the carbon atom. In particular, we would like to emphasize three points: First, the strength of the PICD depends on cos(α) and does not vanish even for very small absolute values of cos(α). Toward smaller absolute values of cos(α), the mean absolute PICD ([Fig. 3G](#F3){ref-type="fig"}) gets smaller but does not seem to vanish if cos(α) goes to zero. This finite value is presumed to be due to different interaction of RCP and LCP with prochiral molecule fixed in space. Second, large changes become visible in the PICD pattern ([Fig. 3](#F3){ref-type="fig"}, C to F), mostly positive and negative contributions going from the polar angle cos(θ) = 1 to cos(θ) = −1 or vice versa. Thus, the PICD \[as well as the photoelectron circular dichroism ([@R23]--[@R26])\] is a probe for the molecular structure. Third, that an anisotropy of the PICD can be observed for a planar molecule is in correspondence with the observed anisotropy of conventional optical rotation for oriented achiral molecules with C~s~ point group symmetry ([@R27]).

CONCLUSION
==========

Our work shows that short, circularly polarized laser pulses can induce chirality enantioselectively for a prochiral molecule. This effect depends strongly on the relative spatial orientation of the molecule with respect to the light propagation direction as well as to the helicity of the light. Our observation can pave the way for future, purely light-driven control of stereochemistry starting from achiral precursors. To this end, the molecules can be prepared in a specific orientation, for example, with a preceding long-wavelength laser pulse ([@R28]); the result would be access to a laser-based enantiomer-specific manipulation of a chiral molecule. The use of femtosecond laser pulses also opens the door to time-resolved studies. Furthermore, it can be combined with other ultrafast probes of chirality such as photoelectron circular dichroism.

MATERIALS AND METHODS
=====================

Measuring five ions in coincidence requires a high detection efficiency. A COLTRIMS spectrometer was built (21-cm acceleration length and *E* = 119 V/cm electric field). The spectrometer was equipped with a position and time-sensitive detector \[Hamamatsu microchannel plate (MCP); open area ratio (OAR)--specified 90% ([@R29]), combined with a second MCP for further amplification and followed by a hexagonal delay-line anode ([@R30])\] with an active diameter of 80 mm. The ions were accelerated to a kinetic energy of approximately 2.5 keV on their way to the detector. Therefore, no meshes are needed to be installed in front of the MCP, which is typically done for post-acceleration to increase the MCP's quantum efficiency. The main chamber was baked for 1 week at 360 K, resulting in a residual gas pressure without gas jet of 1 × 10^−10^ mbar. The ionization of the formic acid molecules was induced by focusing a short, intense, circularly polarized light (*f* = 60 mm, 40 fs, central wavelength of 800 nm, 1.3 W), generated by a Ti:sapphire regenerative amplifier (KMLabs Wyvern 500), resulting in a focal intensity of 1.3 × 10^15^ W/cm^2^ onto the supersonic gas jet. Switching the helicity of the light with a motorized stage every 3 min ensured the same experimental conditions for the left and right circular polarization (LCP and RCP). The jet was produced by expanding formic acid with its vapor pressure at room temperature (approximately 44.6 mbar) through a nozzle (heated to reduce clustering, 340 K) of 30 μm diameter into vacuum.

With the COLTRIMS spectrometer, one can distinguish the fragments according to their mass-to-charge ratio similar to the usual time-of-flight spectrometer (TOF). Contrary to the latter, the arrival time combined with the impact position on the detector additionally allows the calculation of direction and magnitude of the ions' linear momenta. The five-particle breakup was identified by its photoion-photoion coincidence map, as explained elsewhere ([@R31]). For the assignment of O~1~ and O~2~ or H~1~ and H~2~ (that have the same mass), we made use of the molecular structure: All linear momentum vectors of the atoms were rotated in space such that the momentum of the carbon ion, which is identified by its TOF, points in the direction of the *x* axis ([Fig. 4](#F4){ref-type="fig"}), and the linear momenta of the two oxygen ions define the *xy* plane. Subsequently, the hydrogen atoms were plotted. The proton whose momentum is pointing in the same direction as the carbon's momentum was assigned as H~1~ and the other H atom as H~2~. The O atom being on the same side of the *xz* plane as H~2~ is the O~2~ atom. Experiments on the partially deuterated formic acid-d (HCOOD) confirmed that proton migration does not occur before Coulomb explosion ([@R32]). The angle between the *x* axis and the H~1~ momentum vector was required to be smaller than acos(0.4), and for the H~2~ momentum vector, the angle was gated to be between acos(0.4) and acos(−0.8). From all completely detected five particle breakups, this method allows us to assign the fragments in 59% of the events. Because the enantiomers differ by the momentum component in the *z* direction, this selection does not affect the enantiomeric distribution. These safety margins ensure the correct assignment. By this type of assignment, one has access only to molecules that were in the ground state present as a syn-conformer ([@R14]). A comparison of the H atoms ejected in the direction of the C atom and those heading in the opposite direction suggests that this is the predominant configuration in the experiment. The size *N*~LCP,RCP~ thus refers to the fivefold breakup, where all fragments could be assigned as described above.

![Assignment of the fragments of the Coulomb explosion.\
The linear momenta of the H atoms in the molecular frame are plotted for the assignment of the fragments. The linear momentum of the C ion defines the *x* direction; together with the linear momentum of the O ions, it defines the *xy* plane. The angle in the coordinate system indicates the direction of the linear momentum vector, while the distance and the color scale indicate the number of counts along this direction.](aau7923-F4){#F4}
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